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ABSTRACT 
Many applications of tantalum based precision RC 
filters are dependent on the ability of the capacitors to 
meet more stringent requirements. The two major items of 
importance are: first, a lower dissipation factor to at- 
tain a higher circuit Q and to enable operation at higher 
frequencies; second, an improved long-term capacitance 
stability. 
Earlier workers have shown that capacitors based 
on beta-tantalum films containing small concentrations of 
nitrogen (about 3 atom percent) exhibit improved d.c. 
characteristics and higher yields than capacitors made 
from pure beta-tantalum.  However, these capacitors cannot 
be subjected to temperatures above 200°C without irre- 
versible harmful changes in their properties.  W. Anders 
recently found that by adding larger amounts of nitrogen 
to the base layer during r.f. sputtering an improvement 
in a.c. capacitor properties was obtained during heat 
treatment between 250°C and 350°C.  The purpose of the 
present study was to evaluate the effect of heat treat- 
ment on Ta-film capacitors as a function of nitrogen 
concentration in the sputtered film in more detail. 
Analytical techniques were used for determining the 
film composition and to ensure that the nitrogen was 
homogeneously distributed throughout the Ta-films. 
- 1 - 
Planar magnetron sputtering was used to deposit the films 
at a rate of 2000 A/minute and the physical properties of 
the films were measured as a function of nitrogen concen- 
tration up to 34 atom percent.  The dependence on nitrogen 
concentration was observed with respect to capacitor a.c. 
properties such as capacitance, dissipation factor, and 
temperature coefficient of capacitance (TCC) for non- 
heated capacitors and for capacitors receiving various 
heat treatment conditions between 200°C and 350°C.  In 
addition, the d.c. properties of the capacitors were in- 
vestigated and static life testing was performed. 
It was determined that capacitors with excellent 
a.c. properties could be obtained from the tantalum films 
containing between 13% and 22% atomic nitrogen and having 
the b.c.c. crystal structure.  Capacitors fabricated from 
this film and heat treated at a temperature between 250°C 
and 350°C for one hour show a capacitance increase of only 
between 1 and 2%.  The dissipation factor and TCC for 
these films are about .0015 and +135 ppm/°C, respectively, 
as compared to .0025 and +200 ppm/°C for currently pro- 
duced beta-tantalum capacitors.  If lightly nitrogen doped 
capacitors are subjected to the same heat treatment their 
capacitance is increased up to 5%, while their dissipation 
factor and TCC increase to as much as .01 and +500 ppm/°C, 
respectively.  In addition to the decreased intrinsic loss 
- 2 
of the dielectric, the series resistance of the b.c.c. 
tantalum electrode is approximately one half of that ob- 
tained from beta-tantalum films, enabling extension of 
application to higher frequency.  The d.c. properties of 
these capacitors, unlike those of capacitors made from 
conventionally sputtered lightly doped film, are uncompro- 
mised as a result of the heat treatment.  D.C. static life 
testing at 65 volts, 85°C on capacitors anodized to 230 
volts reveals an,exceptionally low failure rate. 
The results will be explained by a discussion of 
physical mechanisms occurring during heat treatment. 
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I .  INTRODUCTION 
Many high precision RC filter applications in 
the Bell System require capacitor properties not presently 
achieved with tantalum film capacitors.  The two major 
items of importance are the long-term stability of the 
capacitance for high precision RC product and a decreased 
loss factor to achieve higher circuit Q and to enable 
operation at higher frequencies. 
In attempts to improve capacitor stability, 
workers at Bell Laboratories  developed a process sequence 
consisting of a 230 volt preanodization of beta-Ta film, 
followed by heat treatment for 5 hours at 250°C with a 
subsequent reanodization to 230 volts, and a post-stabi- 
lization of 200°C for 1 hour after counterelectrode 
delineation.  This process resulted in capacitors which 
showed improved stability during thermocompression bond- 
ing or parametric aging at 85°C.  However, the dissipation 
factor was increased and subsequent evaluation of the 
process by the Western Electric Company on actual product 
revealed that it was a process which was difficult to re- 
producibly control. 
2 3 Kumagai et al  and Huttemann et al  have shown 
that the addition of small concentrations of nitrogen (2-4 
atom percent) while sputtering tantalum has a beneficial 
effect on optimizing capacitor d.c. properties and reli- 
4 - 
ability.  However, working temperatures for these capaci- 
tors are very limited in high stability applications, and 
even short exposures to temperature above 200°C during 
circuit fabrication cause irreversible increases in capaci- 
tance and dissipation factor. 
H   5 
Recently, W. Anders '  of the Siemens Company 
has shown that tantalum films having the b.c.c. crystal 
structure and containing an estimated nitrogen concen- 
tration of between 5 and 15% fabricated into capacitors 
and heat treated to temperatures between 250°C and 350°C 
have improved temperature stability.  For a heat treatment 
time of between 30 and 60 minutes, improvements in capaci- 
tor stability were observed after a small initial increase 
(about 1%).  This was accompanied by a lower and more 
stable dissipation factor (about .0015) and a decreased 
and stable TCC (about +135 ppm/°C).  In addition, the ca- 
pacitors exhibited a capacitance decrease of only about 
7.5% from capacitors made from undoped film. 
Anders' results have significant implications 
towards the improvement in the characteristics of present 
product.  Even more importantly they offer great promise 
for the utilization of tantalum based filter circuits in 
applications having more stringent frequency and stability 
requirements.  The major purpose of the present study was 
to evaluate the effect of heat treatment on the a.c. 
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properties of Ta-film capacitors as a function of nitrogen 
concentration in more detail, as well as to investigate 
the effect on the d.c. properties which had not been re- 
ported by Anders. 
In addition, it was desired to carry out a de- 
tailed investigation of the electrical and structural 
properties of the tantalum films and their dependence on 
nitrogen concentration.  This was important because the 
recently developed planar magnetron sputtering apparatus 
was used to deposit the films used in this work.  It was 
therefore necessary to determine what differences exist 
between this method and conventional sputtering techniques 
currently used.  The deposition rate of tantalum by d.c. 
or a.c. techniques currently used has been limited to 
about 200 A/minute.  In cases where high product through- 
put is required, substantial cost savings can result from 
an increase in deposition rate of an order of magnitude 
or more.  This has particular significance for the depo- 
sition of tantalum capacitor anodes which have a nominal 
thickness of between 3000 and 4000 A. 
II.  EXPERIMENTAL PROCEDURE 
The films were deposited in a vacuum lock in- 
line type sputtering apparatus containing a planar magne- 
tron cathode and anode assembly purchased from VTA, 
Incorporated of Boulder, Colorado.  The cathode and anode 
assemblies are constructed of aluminum and copper, respec- 
tively and are water-cooled (with deionized water to reduce 
corrosion).  The cathode assemblies house a series of 
permanent bar magnets 'arranged to form a ring which is 
encompassed by a looping magnetic field, as shown in 
Figure 1.  The magnetic field of about 300 gauss exists 
perpendicular to the electric field during sputtering, 
so that the secondary electrons emitted from the cathode 
traverse a spiral path around the ring source.  This 
results in far more ionizing collisions with the sputter- 
ing gas, causing high discharge currents and allowing 
sputtering to take place at very low pressures (between 
1 and 2 millitorr).  The desired 5" x 8" x 1/4" rectangular 
tantalum target is clamped to the cathode surface and the 
target material is eroded from the area below the magnetic 
ring during sputtering.  Due to the enhanced ionization, 
relatively low voltages may be used between cathode and 
anode, typically between 300-600 volts.  The power supply 
requirements for planar magnetron sputtering call for a 
means of controlling the current, and this is accomplished 
with the incorporation of a saturable core reactor. 
The anode may be operated in either of three 
modes - grounded, biased positive through a fixed resistor 
to ground, or floating positive with respect to ground. 
Since the substrates rest on a tray which is at ground 
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potential, the anode is operated in either the biased or 
floating modes, thereby eliminating electron bombardment 
of the substrates and its associated heating effect.  The 
tantalum target furnished by Materials Limited, Incorpo- 
rated has a purity of 99.99%.  It was determined that the 
power delivered to the cathode should not exceed 1 KW in 
order to avoid warpage of the tantalum target due to ex- 
cessive heating.  The deposition rate has been found to 
exhibit a linear dependence on sputtering power, result- 
ing in a deposition rate of 2000 A/minute at 1 KW-.  The 
argon flow rate was maintained at 10 sec/minute, as moni- 
tored by a Hastings-Raydist mass flowmeter.  The back- 
ground pressure before admission of argon was in the low 
_7 
10   torr range and consisted mainly of water vapor, as 
observed on a mass spectrometer residual gas analyzer. 
The sputtering voltage was chosen to be 500 volts, as 
initial experiments revealed stable undoped film proper- 
ties conforming to present specifications to exist at 
this voltage.  A series of sputter runs was made using 
nitrogen flow rates ranging from 0.2 to 5.5 sec/minute. 
The flow rates were increased in 0.1 sec/minute incre- 
ments up to 2.0 sec/minute, after which larger incre- 
ments were used.  Fifteen minutes of presputtering were 
used to establish equilibrium between successive runs 
while the substrates were in the load chamber.  During 
this time the substrates were degassed at about 100°C in 
the load chamber by infrared lamps for one minute.  After 
entry of the substrates into the main chamber, an addi- 
tional five minutes of presputtering ensued.  The sub- 
strates were then moved under the target and 3500 A of 
tantalum was deposited onto 3.75" x 4.5" x .048" sub- 
strates of 7059 glass coated with thermally formed Ta„0 
underlay, at a deposition rate of 2000 A/minute, for each 
of the different nitrogen levels.  After transferring 
substrates into the unload chamber, they were immediately 
removed, as they are only slightly heated during the depo- 
sition process.  Although no actual temperature measure- 
ments were made, the substrates were cool to the touch. 
Previous work on NiCr-Pd high rate sputtering revealed 
that at an equivalent power of 1 KW the substrate temper- 
ature reached only about 85°C for an equivalent sputter 
time. 
The film electrical properties such as resis- 
tivity, thermoelectric power, and temperature coefficient 
of resistance (TCR) were measured for the various sputter 
runs as a function of nitrogen flow rate.  X-ray diffrac- 
tometer traces were obtained to determine crystal struc- 
ture, interplanar spacing of the major crystal planes, and 
size of the crystallites.  In-depth profiling by Auger 
Electron Spectroscopy, using electron microprobe analysis 
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as a reference, was performed to determine nitrogen con- 
centration, homogeneity with film depth, and possible con- 
tamination by incorporation of undesirable elements. 
The films were processed into a 28 spot capaci- 
2 
tor pattern (capacitor area = 0.1 cm ) using an anodization 
voltage of 230 volts and e-gun evaporated NiCr-Pd-Au 
counterelectrode•film.  Four 1" x 3" 28 capacitor sub- 
strates were derived from each large substrate by laser 
scribing and separation. 
Initial measurements of capacitance and dissi- 
pation factor were made on all substrates at 1 KHz and 
at temperatures of -40°C, +25°C, and +65°C.  The TCC was 
calculated from values measured at +25°C and -40°C and at 
+25°C and +65°C.  Initial measurements of the d.c. proper- 
ties such as 50 volt, 1 minute leakage current and step 
stress breakdown voltage at 85°C in 0.2 hour, 5 volt steps 
were performed. 
The substrates were divided into four groups in 
such a manner that capacitors formed from tantalum contain- 
ing each nitrogen concentration were represented by one 
substrate in each group.  Each of the four groups was heat 
treated at a different temperature; namely, 200°C, 250°C, 
300°C, and 350°C.  The substrates were removed from their 
respective ovens at cumulative intervals of 1/3 hour up 
to one hour, and at 1 hour intervals thereafter.  At each 
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interval, measurements of capacitance, dissipation factor, 
and TCC were performed.  In addition, at intervals corre- 
sponding to those frequently used for resistor aging on RC 
circuits (e.g., 1 hour at 350°C, 4 hours at 300°C, or 5 
hours at 250°C), d.c. leakage measurements at 50 volts 
were also performed.  Step stress testing at 0.2 hour and 
2 hour intervals in 5 volt steps was also performed for 
capacitors heat treated at 350°C for one hour.  In addi- 
tion, another group of capacitors was subjected to d.c. 
static life testing at 65 volts, 85°C.  The capacitors 
were heat treated and tested for a total time correspond- 
ing to one hour longer than the usual time prescribed for 
the various resistor stabilization conditions. 
III.  EXPERIMENTAL RESULTS 
A.  Dependence of Film Properties 
on Nitrogen Concentration  
The results of Auger analysis of Ta films 
sputtered at nitrogen flow rates between 0.2 and 5.5 sec/ 
minute are shown in Figure 2.  Oxygen and carbon are un- 
detectable in all films, except for expected surface con- 
tamination.  At nitrogen flow rates below 0.5 sec/minute, 
only traces of nitrogen peaks whose amplitudes lie within 
the noise level appear.  At 0.5 sec/minute, the first 
quantitative measurement shows about 1.5 atom percent 
nitrogen.  The nitrogen level gradually increases to 5.3 
atom percent at a flow rate of 1.2 sec/minute, where the 
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b.c.c. phase is initially observed.  A sudden steep in- 
crease in nitrogen concentration occurs between 1.2 and 
1.3 sec/minute, after which a region of fairly constant 
nitrogen concentration, hereafter referred to as a "plateau 
region", occurs up to a flow rate of 2.1 sec/minute.  The 
average nitrogen concentration in the plateau region is 
about 13.5 atom percent.  Further increase in nitrogen 
flow rate results in the predictable increase in nitrogen 
concentration, which reaches 34 atom percent at 5.5 sec/ 
minute.  All measurements were taken at a film depth of 
1200 A.  The in-depth concentration profile for nitrogen, 
however, shows less than 1.0 atom percent variation even 
for sputter removal of the entire 3500 A thick film. 
The crystal structure of films which contain be- 
tween zero and 4 atom percent nitrogen is that of beta- 
tantalum with no detectable b.c.c. phase.  The dependence 
on nitrogen flow rate of the grain size and d„nn inter- 
planar spacing for the beta-tantalum is shown in Figure 3. 
The nitrogen concentration is not plotted because it is 
very low over a large portion of the flow rate range where 
the resolution of the Auger analytical equipment does not 
permit meaningful analysis.  The grain size is observed to 
decrease from about 320 A to 180 A just before the tran- 
sition to the b.c.c. phase.  The d„n_ spacing shows a 
12 - 
strange dependence on nitrogen from the undoped condition 
to the point where nitrogen is initially introduced into 
the sputtering atmosphere at a flow rate of only 0.1 sec/ 
minute.  A decrease in the d spacing occurs from 2.701 A 
to 2.677 A, a result which at this time is not fully under- 
stood.  However, it is possible that the addition of nitro- 
gen to the plasma inhibits the sorption of energetic argon 
neutrals into the tantalum film, thereby shrinking the 
previously expanded lattice.  As additional nitrogen is 
admitted the d spacing is observed to increase to 2.696 A, 
a change of 0.7% as compared to about 0.4% in high voltage 
sputtered Western Electric Company production films.  This 
expansion is due to the incorporation of nitrogen atoms at 
interstitial sites within the tantalum lattice. 
Figure 4 shows the variation of crystallite grain 
size and lattice constant (a) with increasing nitrogen con- 
centration for the nitrogen-induced b.c.c. phase.  The 
grain size is observed to decrease fairly linearly with 
increasing nitrogen concentration from about 85 A at 8 
atom percent to 40 A at 22 atom percent.  The b.c.c. lat- 
tice constant increases linearly from about 3.3494 A to 
3.4238 A over the same range of nitrogen concentrations. 
Gmelin's Handbuch  on the chemistry of tantalum gives the 
lattice constant of pure bulk tantalum as being between 
3.259 and 3.298 A, depending on the reference source.  The 
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literature value of 3.298 A for zero nitrogen concentra- 
tion plotted in Figure 4 conforms to the same linear de- 
pendence as the experimental values obtained from the films 
in this work.  The slope of the curve results in a 0.18% 
change in the lattice constant per atom percent nitrogen. 
This is in reasonable agreement with the value of 0.15% per 
7 
atom percent nitrogen found in the literature  for lattice 
constant measurements on bulk tantalum with interstitial 
nitrogen.  However, it should be pointed out that the 
solubility limit for nitrogen in bulk b.c.c. tantalum is 
only about 4 atom percent.  Due to the rapidly decreasing 
crystallite size, exact measurements of "d" spacing at 
nitrogen concentrations beyond 22 atom percent are not 
possible because of the very wide peaks obtained on the 
diffractometer.  For films sputtered at 5.5 sec/minute N„, 
the grain size is estimated to be about 23 A and the d 
spacing is estimated to be about 2.44 A.  It is interesting 
to note that these films which have the electrical proper- 
ties of Ta„N still show a diffuse b.c.c. crystal structure 
without observable traces of the hexagonal Ta N phase, even 
though electron microprobe analysis reveals that the film 
contain 34 atomic percent nitrogen. 
Figures 5 through 7 reveal the resistivity, 
thermoelectric power, and TCR as a function of both nitro- 
gen flow rate and concentration, respectively.  The beta- 
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tantalum crystal structure exists through the flow range 
between 0 and 1.0 sec/minute (up to 4.2 atom percent N~). 
In this range the film electrical properties undergo very 
little change.  The resistivity and TCR show some random 
scattering about 200 yftcm and -140 ppm/°C, respectively. 
The thermoelectric power shows a small linear decrease 
from +4.8 to +4.4 yv/°C.  A sharp transition region fol- 
lows between flow rates of 1.0 and 1.2 sec/minute, corre- 
sponding to nitrogen concentrations between 4 and 5 atom 
percents, where a change in crystal structure from beta 
to b.c.c. takes place.  In this region minima in resis- 
tivity and thermoelectric power are attained at approxi- 
mately 60 pficm and +3.0 yv/°C, respectively, while the TCR 
attains a value of +700 ppm/°C.  Further increase in ni- 
trogen flow rate between 1.3 and 2.1 sec/minute, corre- 
sponding to the nitrogen concentration "plateau" region 
of 13.5 atom percent, results in a similar "plateau" 
region for all three film properties, a phenomenon not 
previously observed in sputtered Ta films.  The resis- 
tivity in this region is about 100 vificm, the TCR is ap- 
proximately +450 ppm/°C, and the thermoelectric power is 
in the order of +3.6 yv/°C.  Following the "plateau" 
region the film electrical properties show a similar de- 
pendence on nitrogen flow rate to high voltage, low rate 
sputtered films.  At 5.5 sec/minute N„, corresponding to 
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a nitrogen concentration of 34 atom percent, the thermo- 
power of -1.8 yv/°C is in reasonable agreement with that 
of Ta?N films sputtered by d.c. diode high voltage sputter- 
ing, the resistivity of 300 vjftcm is somewhat lower, and the 
TCR of -125 ppm/°C is more negative.  However, it is to be 
remembered that the crystal structure of this film is still 
predominantly b.c.c. Ta. 
B.  Dependence of Capacitor Properties 
on Nitrogen Concentration  
Capacitance measurements as a function of ni- 
trogen flow rate are shown in Figure 8.  Undoped Ta films, 
when anodized to 230 volts, with a capacitor area of 
2 
0.1 cm  result m a capacitance value of 5650 pf when 
measured at 1 KHz.  The capacitance decreases by only 
0.9% at a flow rate of 1.2 sec/minute, after which a 
sharp drop occurs between flow rates of 1.2 and 1.3 sec/ 
minute, corresponding to the sudden jump in N„ concentra- 
tion which was observed in the as-sputtered film.  The 
capacitance at this point is about 5250 pf, a 7% decrease 
from the undoped condition.  The capacitance remains 
relatively constant over the range of nitrogen flow rates 
from 1.3 to 2.1 sec/minute, previously referred to as the 
"plateau" region.  Further increase in nitrogen flow rate 
results in the monotonic decrease of the capacitance 
density observed previously in capacitors made from low 
rate sputtered films.  The relationship of percent change 
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in capacitance to actual nitrogen concentration is shown 
in Figure 9.  It is observed that the relationship ob- 
tained is non-linear.  At about 14 atom percent, in the 
"plateau" region, the capacitance decrease is only about 
7%, corresponding to a 0.5% decrease in capacitance per 
atom percent nitrogen.  For higher concentrations of nitro- 
gen (up to 26 atom percent) the slope of the curve steadily 
increases, approaching 2.2% change in capacitance per atom 
3 
percent nitrogen.  Huttemann et al  found a linear rela- 
tionship to exist between zero and 20 atom percent nitrogen 
content, showing a decrease in capacitance of 1% per atom 
percent nitrogen.  It is felt that possible explanations 
for the discrepancy are:  first, the nitrogen concentration 
might not have been as homogeneously distributed through 
the film thickness as in this work; second, that improve- 
ments in the Auger technique now give greater accuracy in 
determining nitrogen concentration, especially at very low 
levels. 
The dissipation factor of the capacitors at 1 KHz 
varies slightly between .0027 and .0023. Because the lower 
values occur for nitrogen concentrations between 13 and 14 
atom percent, it is assumed that the lower sheet resistance 
at this level offers a slight contribution towards lowering 
the dissipation factor. 
Leakage current measurements for the various ni- 
trogen concentrations performed at 50 volts for 1 minute 
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resulted in median leakage currents averaging less than 
0.5 nanoamps over the entire range, as shown in Figure 10. 
Fourteen capacitors were tested for each nitrogen concen- 
tration.  T»he leakage current values are well below the 
requirement of 12 nanoamps, and very little dependence on 
nitrogen concentration can be observed. 
Step stress measurements, however, do exhibit 
some dependence on nitrogen concentration.  The median 
breakdown voltages at 85°C are shown in Figure 11 as a 
function of nitrogen concentration.  For very light doping 
levels (below 1.5 atom percent) the breakdown voltage 
averages about 105 volts.  The reduction in breakdown 
voltage from the 125 volts observed for the undoped film 
is not understood at this time.  With increasing nitrogen 
flow rate, especially in the b.c.c. "plateau" region and 
beyond, the median breakdown voltage again increases, 
averaging about 125 volts. 
It is both worthwhile and interesting to note 
that although no observable quantities of metallic or 
gaseous reactive impurities (such as N, C, or 0) could be 
found in the bulk films, as indicated by the high thermo- 
powers, capacitors having low d.c. leakages can be repro- 
ducibly fabricated from the magnetron sputtered film. 
This test result is contrary to that obtained from capaci- 
tors formed from undoped tantalum film deposited by high 
3 
voltage, low rate sputtering  and also by magnetron sput- 
p 
tering as reported by other workers.   Eighty capacitors 
made from the author's film show only a few failures after 
10,000 hours of testing at 65 volts and 85°C.  The reasons 
for these remarkable results are not fully understood at 
the present time. 
C.   Effect of Heat Treatment on Capacitor Properties 
(1)  Dependence of Capacitor Properties on 
Temperature and Period of Heat Treatment 
(a)  200°C Heat Treatment Up To 6 Hours 
The dependence of a.c. capacitor properties 
on heat treatment time at 200°C for different 
nitrogen concentrations in the tantalum film is 
shown in Figure 12.  It is observed that all 
properties do not change appreciably after the 
first hour of heat treatment.  Capacitors with 
less than 1.5 atom percent nitrogen, however, 
still continue to show increases in capacitance 
to about 0.75% after 6 hours.  Capacitors with 
nitrogen concentrations between 1.5 to 22 atom 
percent exhibit a fairly constant capacitance 
after increasing by 0.5% within the first 2 
hours.  The TCC for capacitors made from films 
containing between zero and 22 atom percent 
drops and stabilizes at values between 150-165 
ppm/°C after 1 hour of heat treatment.  The 
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dissipation factor similarly decreases and 
reaches a fairly constant level after the first 
hour of heating.  The values are between .0018 
and .0021 for nitrogen levels up to 3.2 atom 
percent and between .0015 to .0017 for nitrogen 
concentrations between 13 and 22 atom percent, 
respectively. 
(b)  250°C Heat Treatment Up To 6 Hours 
A.C. capacitor properties as a function of 
time of heat treatment at 250°C are shown in 
Figure 13.  After the first 20 minutes of heat 
treatment it becomes apparent that the mecha- 
nisms which cause the changes in properties of 
capacitors with low nitrogen concentrations 
(< 1.5 atom percent) are different from those 
which are responsible for changing the proper- 
ties of capacitors with higher nitrogen concen- 
trations, up to 22 atom percent.  In samples 
containing nitrogen concentrations between 10 
and 22 atom percent, the capacitance levels off 
within the first hour at an increase of between 
0.8 and 1.2% for unheated capacitors; while ca- 
pacitors containing less than 1.5 atom percent 
nitrogen show a sharper increase continuing to 2% 
after 6 hours.  The TCC and dissipation factor 
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show inflection points after 20 minutes of heat 
treatment for the low nitrogen level capacitors. 
The TCC, after initially falling to 170 ppm/°C, 
rises again to 220 ppm/°C in the following 20 
minutes, and eventually reaches 230 ppm/°C after 
6 hours.  However, capacitors containing greater 
than 3.2 percent nitrogen retain the lower TCC, 
between 135-150 ppm/°C, observed after 1 hour of 
heat treatment.  The dissipation factor, like- 
wise, shows a sizeable increase for low nitrogen 
capacitors.  After dropping to .0020 from .0028 
in the first 20 minutes, the losses increase to 
a dissipation factor of .0034 after 6 hours. 
Capacitors with nitrogen content of 3.2 atom 
percent and higher exhibit only a decreasing 
dissipation factor, levelling off at a value 
between .0014 and .0015 after the first hour 
of heat treatment. 
(c)  300°C Heat Treatment Up To 5 Hours 
Similar trends occur in capacitors contain- 
ing different nitrogen concentrations during heat 
treatment at 300°C, as depicted in Figure 14. 
The major difference between heat treatment at 
250°C and 300°C is that the changes in the prop- 
erties from the non-heat treated condition are 
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much more severe, especially for capacitors de- 
rived from film containing low nitrogen levels, 
up to 2.5 atom percent in this case.  The prop- 
erties, after initially increasing to a fairly 
constant value between 20 minutes and 1 hour of 
heating, abruptly increase again to much higher 
values, especially for the capacitors made from 
films containing the lowest»nitrogen concentra- 
tions (less than 1.5 atom percent).  In the worst 
case the capacitance increases after 2 hours of 
heat treatment by about 3.75%, after which it 
increases more gradually to 4.6% after the next 
3 hours.  Capacitors containing tantalum with 
nitrogen concentrations between 10 and 19%, how- 
ever, do not show appreciable increases in ca- 
pacitance beyond the first 20 minutes of heat 
treatment.  For times of 20 minutes and 5 hours 
at 300°C, the average increase in capacitance is 
about 1.25% and 1.5%, respectively.  The TCC for 
lightly doped capacitor film (< 1.5 atom percent 
N„) does not show the decrease observed during 
the entire 6 hour heating period at 200°C and 
during the initial 20 minute period at 250°C. 
The TCC of these capacitors, after initially 
levelling off at about +250 ppm/°C between 20 
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minutes and 1 hour, increases sharply again and 
reaches a value of +500 ppm/°C after 5 hours of 
heat treatment.  Similar type behavior is ob- 
served, although to a lesser extent, in capaci- 
tors containing tantalum with up to 2.5 atom 
percent nitrogen.  A major difference in TCC 
behavior occurs in capacitors with nitrogen 
content between 10 and 22 atom percent.  The TCC 
in this case decreases to about +140 ppm/°C in 
the first 20 minutes and remains practically in- 
variant through the 5 hours of heat treatment. 
Much larger increases in the dissipation factor 
occur for capacitors with the low nitrogen con- 
centrations at 300°C than at 250°C, especially 
for capacitors with less than 1.5 atom percent 
nitrogen.  The initial decrease in d.f. which 
occurred at 250°C and which remained at 200°C 
was not observed at 300°C.  As in the case of 
the change in capacitance and TCC dependence, 
the dissipation factor increases initially, re- 
mains relatively constant between 20 minutes 
and 1 hour, and then sharply rises.  Capacitors 
with less than 1.5 atom percent nitrogen attain 
a d.f. of .0065 after 2 hours and .0084 after 5 
hours.  On the other hand, capacitors containing 
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tantalum with nitrogen content between 10 and 22 
atom percent exhibit a decrease in d.f. after 20 
minutes of heat treatment, to a constant level 
of .0015 for up to 5 hours of heat treatment. 
(d)  350°C Heat Treatment Up To 2 Hours 
At 350°C the changes in properties are even 
larger with time of heat treatment for capaci- 
tors with low nitrogen doped tantalum, as shown 
in Figure 15.  In the worst case (< 1.5 atom 
percent N„) the capacitance increases by 3.7% 
in the first 20 minutes, and to 5% by the end 
of 1 hour.  Similar, but less extensive, in- 
creases prevail with increasing nitrogen con- 
centration, until at 22 atom percent nitrogen 
the total increase after 1 hour is only 1.75%. 
At the next measuring period of 2 hours cumu- 
lative, a decrease was observed in all cases 
from the 1 hour measured value, indicating that 
prolonged exposure to 350°C can result in a 
different mechanism occurring within the di- 
electric.  Capacitors with nitrogen concen- 
trations between 13 and 22 atom percent still 
exhibit the best stability after an initial 
shift in properties during the first 20 minutes 
of heat treatment.  The TCC as well as the dis- 
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sipation factor show rapidly increasing values 
for capacitors with low nitrogen concentrations, 
reaching over 500 ppin/0C and .0084, respec- 
tively, after one hour.  However, good results 
are again obtained for more heavily nitrided 
capacitors (13-22 atom percent N„).  The TCC 
drops to about +14 5 ppm/°C in the first 20 
minutes and remains relatively constant for 
2 hours of heating, while the dissipation 
factor drops to .0015 and then increases fairly 
linearly to .0017 after 1 hour and to .0019 
after 2 hours at 350°C. 
(2)  Dependence Of Dissipation Factor On Temperature 
A dependence of the dissipation factor on tem- 
perature of measurement was noted in capacitors 
subjected to various heat treatments.  The strongest 
dependence was observed in capacitors which under- 
went the 350°C heat treatment.  Figure 16 reveals 
the d.f. dependence after 1 hour at 350°C based on 
the three measurement temperatures of -40°C, +25°C, 
and +65°C.  While the dependence before heat treat- 
ment is observed to be independent of nitrogen con- 
centration, varying from .0016 at -40°C to .0026 at 
+65°C, there is a marked dependence on nitrogen 
concentration after heat treatment for capacitors 
containing tantalum with low nitrogen levels up to 
- 25 - 
3.2 atom percent, as discussed previously.  In ad- 
dition, there appears to be a gradual increase in 
slope of the linear dependencies obtained as a 
function of decreasing nitrogen concentration.  In 
the case of capacitors containing between 10-22 atom 
percent nitrogen, where the dissipation factor has 
decreased after heat treatment, the temperature de- 
pendence is very slight between -40°C and +25°C, 
changing from .0013 to .0015 in this range.  Between 
+25°C and +65°C, however, a positive change in slope 
is observed which results in a dissipation factor of 
.0024 at 65°C.  The same mechanism that causes the 
difference in slope of the dissipation factor in the 
two different temperature ranges may also account for 
a slight difference in the TCC value obtained in the 
two temperature ranges, about 130 ppm/°C in the low 
range and about 140 ppm/°C in the higher range. 
(3)i;Effects Of Standard Heat Treatment Conditions 
Used In Thin Film Circuit Processing  
All capacitors exhibited an increase in capaci- 
tance after the various standard heat treatments. 
The percent increase, based on the value C  before c o 
heat treatment, was dependent on both nitrogen con- 
centration in the tantalum anode material and on the 
heat treatment conditions.  Figure 17 reveals that 
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the change in capacitance decreases as a function of 
decreasing temperature during heat treatment.  In 
the case of capacitors formed from beta-Ta with only 
trace amounts of nitrogen, the capacitance increase 
is 5% for capacitors heat treated at 350°C for 1 
hour.  Capacitors formed from equivalent film but 
heat treated at decreasing temperatures showed a 
4.7% increase after 300°C, 4 hours, a 2% increase 
after 250°C, 5 hours, and an increase of only 0.73% 
after 200°C, 6 hours.  In contrast, capacitors formed 
from b.c.c. Ta containing interstitial nitrogen be- 
tween 10 and 22 atom percent exhibited a much lower 
capacitance increase.  The 350°C heat treatment pro- 
duces a capacitance change of about 2%, while the 
300°C, 250°C, and 200°C treatments result in respec- 
tive capacitance changes of approximately 1.5, 1.0, 
and 0.5 percents.  Parametric aging studies in a 
temperature range of 65°-150°C as well as studies of 
the effect of simulated TC bonding on heat treated 
capacitors with about 14 atom percent nitrogen con- 
tent are being carried out by other workers at Bell 
Laboratories.  The results obtained so far indicate 
9 
a marked improvement m capacxtor stability . 
The variation of TCC with nitrogen concentration 
for the different heat treatment conditions, as well 
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as no heat treatment, is depicted in Figure 18.  For 
unheated capacitors the TCC averages about +210 
ppm/°C and remains constant irrespective of nitro- 
gen concentration.  The 350°C, 1 hour and 300°C, 4 
hour treatments, however, cause the TCC to be in- 
creased to the vicinity of +500 ppm/°C for capacitors 
formed from tantalum with only trace amounts of ni- 
trogen.  The shift in TCC continues to be toward 
larger values for films containing up to 3.5 atom 
percent nitrogen.  At nitrogen concentrations ex- 
ceeding 3.5 atom percent, the shift in TCC is re- 
versed and the values after heat treatment are 
smaller than the original 210 ppm/°C.  At a nitrogen 
level of about 13 atom percent, corresponding to the 
"plateau region" of the previous memorandum, the TCC 
attains a value of about +140 ppm/°C and remains 
essentially constant as the nitrogen content is in- 
creased to 22 atom percent.  Heat treatment at 250°C 
for 5 hours produces a similar effect except that 
the TCC never exceeds +230 ppm/°C, even for lightly 
doped film.  The 200°C, 6 hour heat treatment results 
in a shift toward lower TCC values independent of 
nitrogen concentration.  The TCC value of about +150 
ppm/°C is very close to that found in capacitors 
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containing 10-22 atom percent N  and heated at 250°C, 
300°C, and 350°C. 
The dependence of the dissipation factor, at 
25°C, on nitrogen concentration for the various heat 
treatment conditions, as well as for no heat treat- 
ment, is shown in Figure 19.  For capacitors which 
have not received any heat treatment, the dissipation 
factor is fairly constant over the entire range of 
nitrogen concentration, varying only slightly between 
.0025 and .0022, with the lower values tending to 
occur at the higher nitrogen levels.  The shift in 
dissipation factor during heat treatment is the 
greatest for low nitrogen concentration (below 10 
atom percent).  For heat treatment temperatures of 
300°C and 350°C, the dissipation factor attains a 
value of about .0084, where the nitrogen content 
within the tantalum film is negligible.  For heat 
treatment temperatures of 250°C and 200Q,C, the cor- 
responding values are .0034 and .0027, respectively, 
for the minimum nitrogen concentration.  At nitrogen 
concentrations exceeding 10 atom percent, the dissi- 
pation factor shows a drop after the heat treatment 
and becomes essentially independent of nitrogen con- 
tent, levelling off at about .0017 for heat treat- 
ments of 250°C, 300°C, and 350°C and at about .0015 
for the 200°C heat treatment. 
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The d.c. leakage current dependence on nitrogen 
concentration at 50 volts for the various heat treat- 
ment conditions, as well as for no heat treatment, is 
shown in Figure 20.  It is observed that, irrespec- 
tive of nitrogen concentration or heat treatment, all 
capacitors have leakage currents well below the spec- 
ified maximum of 12 nanoamps, according to Western 
Electric Company requirements.  The capacitors which 
have not received heat treatment have median leakage 
current values averaging about 0.5 nanoamps for tan- 
talum containing from near zero to 22 atom percent 
nitrogen.  The various heat treatments have the 
effect of generally decreasing the leakage current 
over most of the range of nitrogen concentrations, 
especially for nitrogen concentrations exceeding 13 
atom percent (the plateau region and beyond).  For 
capacitors exhibiting improved a.c. characteristics 
(N„ concentrations between 13 and 22 atom percent), 
the average leakage current for the various heat 
treated capacitors is about 0.15 nanoamps.  However, 
capacitors heat treated at 300°C for 4 hours have 
leakage currents even an order of magnitude less 
for nitrogen concentrations between 15 and 19 atom 
percent. 
Step stress data were obtained on capacitors 
with tantalum containing 13 atom percent nitrogen 
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which had received the 350°C, 1 hour heat treatment 
and compared to the data on controls which had re- 
ceived no heat treatment.  The distributions of 
failure voltage are shown in Figure 21.  For 0.2 
hour steps the initial median breakdown voltage 
* 
before heat treatment was 140 volts.  After heat 
treatment at 350°C for one hour, the median break- 
down voltage was reduced slightly, by 7% to 130 
volts.  These values are well above the 90 volt 
minimum median breakdown voltage requirement of 
the Western Electric Company.  In addition, data 
were obtained from a 2 hour step stress test from 
the same two respective groups.  The median break- 
down voltages were 135 volts and 130 volts for non- 
heat treated and 350°C, 1 hour heat treated capaci- 
tors, respectively.  A d.c. static life test is 
currently under way, and the results through 2000 
hours of testing at 65 volts, 85°C are most en- 
couraging, showing about 3% failure on capacitors 
without heat treatment and 6.5% on heat treated 
capacitors, most of which occurred during the first 
2 hours of testing. 
IV.  DISCUSSION 
In order to discuss possible mechanisms which 
can lead to the results described in this work, some of 
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the major observations to be considered will first be 
summarized below. 
(1) While there is a decrease in the capac- 
itance density (dielectric constant) as a 
function of increasing nitrogen concentra- 
tion in the sputtered tantalum anodes, the 
dissipation factor and TCC are essentially 
independent of nitrogen concentration 
before the capacitors are subjected to 
heat treatment. 
(2) Heat treatment at temperatures between 
200°C and 350°C produces an increase in 
capacitance whose magnitude is dependent 
on both temperature and nitrogen concen- 
tration . 
(3) Heat treatment at 200°C results in a de- 
crease of dissipation factor and TCC whose 
magnitude is practically independent of 
nitrogen concentration. 
(M-)  Heat treatment at temperatures between 
250°C and 350°C can result in an increase 
or decrease of dissipation factor and 
TCC, depending on the nitrogen concen- 
tration in the sputtered tantalum film. 
At the higher temperatures more nitrogen. 
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is required in order to obtain a decrease 
in these properties, and the magnitude of 
the increase in lightly doped tantalum is 
greater. 
(5)  In capacitors which show a decrease in d.f. 
and TCC, limiting values are obtained, 
which are about .0015 and +140 ppm/°C, 
respectively. 
The observations outlined above indicate that 
at least two mechanisms can occur during heat treatment 
which affect the a.c. losses, and subsequently the TCC of 
Ta^Or capacitors.  The first mechanism appears to be prac- 
tically independent of nitrogen concentration in the tan- 
talum film and results in decreases in the dissipation 
factor and TCC when the heat treatment temperature does 
not exceed 200°C.  The second mechanism which produces an 
increase in dissipation'factor and TCC, along with far 
greater increases in capacitance, is dependent on the ni- 
trogen concentration in the tantalum film, totally swamp- 
ing out the effect of the first mechanism for capacitors 
with low nitrogen concentrations. 
The second mechanism can be explained by a com- 
parison with work done by Smyth et al  '   on the heat 
treatment of anodic oxides on bulk tantalum.  They postu- 
lated that a conductivity gradient exists in anodically 
- 33 - 
formed tantalum oxide after exposure to heat treatment at 
temperatures between 200°C and 400°C.  The explanation 
for the conductivity gradient is that oxygen is extracted 
from the Ta^O^ and diffuses across the oxide-tantalum 
interface into the tantalum, creating oxygen vacancies 
or excess tantalum in the oxide.  The conductivity of 
the oxide is therefore greatest near the tantalum-oxide 
interface and diminishes in the direction of the oxide- 
counterelectrode interface.  The portion of the oxide 
which is affected increases with time and temperature 
of heat treatment.  The capacitance is therefore in- 
creased by virtue of the heat treatment, because a por- 
tion of the oxide which was previously a good insulating 
dielectric is now shunted by an effective resistance, 
resulting in an effectively thinner dielectric.  Smyth 
attributes the increase in dissipation factor to an in- 
crease in series resistance, occurring in the oxygen 
depleted region of the oxide.  However, the increased 
losses may also be due to a large number of free Ta ions 
or other conductive compounds of Ta distributed through- 
out the oxide as a result of the heat treatment.  This 
could also affect the dielectric constant because of the 
different polarizability of the inhomogeneous dielectric, 
12 
as m the Maxwell-Wagner type of structure. 
- 34 - 
In the case of capacitors with tantalum contain- 
ing interstitially dissolved nitrogen in excess of between 
10 and 13 atom percent, even with a heat treatment tem- 
perature as high as 350°C, the oxygen cannot easily be 
extracted from the Ta.O. dielectric, as the majority of 
interstitial sites in the tantalum lattice have already 
been filled by the nitrogen.  Therefore, the dielectric 
remains fairly homogeneous throughout most of the origi- 
nal thickness and the capacitance is shifted only slightly 
upward. 
The first mechanism, which produces a decreasing 
TCC and dissipation factor practically independent of ni- 
trogen content when the capacitors are treated at only 
200°C, is probably identical to the one which causes simi- 
lar results in more heavily nitrided capacitors heat 
treated at higher temperatures.  Evidently, a temper- 
ature of only 200°C is insufficient to cause sizeable 
extraction of oxygen from the dielectric to the underlying 
tantalum.  Therefore, the second mechanism discussed above 
is not appreciably observed, even for very lightly ni- 
trided capacitors.  The decreased dissipation factor and 
TCC may be due to a decrease in ionic conductivity caused 
by the removal of species such as H„0 or citric acid ions 
from the bulk of the oxide which have been incorporated 
13 during anodic oxidation.  Yamazaki et al   reported on 
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the frequency characteristics of Ta^O,. capacitors having 
different values of TCC and tan 6 at 1 KHz attributable 
to different preparation methods not specified.  In each 
case decreases in TCC and tan 6 were observed as a func- 
tion of increasing frequency.  The remarkable result ob- 
tained was that a limiting value of between +130 and +140 
ppm/°C occurred in each case.  However, the samples which 
had higher TCC and loss factor at 1 KHz required a higher 
frequency to attain the limiting value of TCC.  The dissi- 
pation factor was also observed to decrease with increas- 
ing frequency until the point where the series resistance 
took effect.  Yamazaki attributed his results to less 
action of separated tantalum ions and decrease of polari- 
zation at the higher frequencies.  However, trapped water 
or citrate molecules could probably have caused the same 
effect, as their dipoles are unable to respond to the 
higher frequencies.  It, therefore, appears that the true 
value of TCC of the intrinsic anodic oxide of tantalum is 
between +130 and +140 ppm/°C. 
V.  CONCLUSIONS AND SUMMARY 
It has been shown that by subjecting finished 
TM capacitors to heat treatment between 250°C and 350°C, 
improved a.c. properties can be obtained when the nitro- 
gen content in the sputtered tantalum is between 10 and 
22 atom percent.  The noted improvements are a lowering 
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of the dissipation factor and TCC to .0015 and +140 ppm/°C, 
respectively, as compared to .0023 and +200 ppm/°C in TM 
capacitors formed from beta-Ta lightly doped with nitro- 
gen.  These improvements are accompanied by a slight in- 
crease of capacitance, whose magnitude is dependent on 
the temperature of heat treatment, being about 2% for the 
highest heat treatment temperature of 350°C.  It is ex- 
pected that this aging process will inhibit future changes 
in capacitance in subsequent TC bonding or long-term aging, 
. .       .        .     9 
as indicated by preliminary aging experiments . 
Analysis of the dependencies of the a.c. proper- 
ties on period of heat treatment for the various heat 
treatment temperatures and nitrogen concentrations sug- 
gests that at least two mechanisms occur during heat 
treatment.  It appears that one mechanism results in a 
conductivity gradient due to oxygen diffusion out of the 
Ta^O^ into the tantalum, as postulated by Smyth, causing 
an increase in losses and TCC after treatment a(t temper- 
atures greater than 200°C.  The magnitude of this effect, 
however, decreases as the nitrogen content of the tantalum 
film increases.  It is proposed that this is due to the 
fact that, as the interstitial sites in the tantalum lat- 
tice become saturated with nitrogen, a barrier is set up 
to oxygen diffusion. 
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A second mechanism is evident, because the 
losses and TCC decrease practically independent of nitro- 
gen concentration at 200°C and decrease only in the case 
of nitrogen concentrations in excess of about 10 atom 
percent for higher heat treatment temperatures.  It is 
postulated that this is due to the removal of water or 
possibly citrate molecules out of the bulk of the oxide. 
Due to the fact that oxygen diffusion into the tantalum 
is minimal at 200°C, even for un-nitrided film, and even 
at 350°C for more heavily nitrided film, the second mech- 
anism predominates for these cases. 
The d.c. properties of the heat treated capaci- 
tors have been measured to conform with present product 
specifications.  The 50 volt leakage current after heat 
treatment up to 350°C is equal to or in most cases lower 
than the current measured before heat treatment.  The 
average value of leakage current for capacitors which 
exhibit improved a.c. characteristics is about 0.15 na. 
The step stress breakdown results are equally encourag- 
ing.  Capacitors receiving the 350°C, 1 hour heat treat- 
ment had a median breakdown voltage of 130 volts, as 
compared to mo volts before heat treatment in the 0.2 
hour step stress test.  D.C. static life testing through 
200 hours has so far exhibited low failure rates, aver- 
aging about 4.5%. 
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It has also been shown that by using planar 
magnetron sputtering to produce the base tantalum film 
certain distinct advantages are obtained over conven- 
tional sputtering techniques.  In addition to a decade 
increase in deposition rate, there is minimal heating of 
the substrate.  For the deposition of alpha-tantalum film 
another distinct advantage is the occurrence of a "plateau 
region" where the nitrogen concentration is virtually 
constant at about 13.5 atom percent, as a function of 
increasing flow rate over a wide range, in this case 1.3 
to 2.1 sec/minute.  This feature would provide excellent 
control over film and capacitor properties in a production 
situation.  The values of film properties to be monitored 
for product control are a resistivity of about 100 pftcm, 
a TCR of about +400 ppm/°C, and a thermopower of +3.6 JJV/ 
°C.  The capacitance density or dielectric constant of 
anodic oxides produced from this film is reduced by about 
7% from an oxide containing no nitrogen. 
The major conclusion of this work is that TM 
capacitors containing between 10 and 22 atom percent ni- 
trogen and heat treated at temperatures between 250°C and 
350°C exhibit improved a.c. properties, permitting ex- 
tension of application to higher frequencies without 
sacrificing excellent'd.c. properties.  In addition, the 
long-term stability of capacitance for high precision RC 
product is expected to be greatly improved. 
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